Introduction
============

The TNF gene encodes a cytokine whose protein product has been implicated in a variety of immunopathological processes ([@B1]). TNF, an immediate-early response gene, is induced by a variety of stimuli in a cell type- and inducer-specific manner ([@B2]--[@B7]). The gene thus presents an important model system in which to dissect mechanisms of inducible eukaryotic gene transcription in general. Previously, we have shown that cell type- and inducer-specific enhanceosomes are recruited to the proximal TNF promoter and that this region of the upstream flanking sequence is sufficient for TNF transcription ([@B2]--[@B7]).

More recently, we identified two highly conserved, noncoding, distal regulatory elements in the TNF locus, which undergo activation-dependent intrachromosomal interactions in T cells and enhance TNF gene transcription ([@B8]). First identified by DNase I hypersensitivity assay (DHA),[^3^](#FN4){ref-type="fn"} these elements, which are located 9 kb upstream (HSS−9) and 3 kb downstream (HSS+3) of the TNF transcription start site, bind NF-AT and NF-κB proteins and function as enhancers of TNF transcription in T cells. Furthermore, upon T cell activation, HSS−9 and HSS+3 interact with the TNF promoter and with each other, generating a higher order chromatin structure that can sequester the TNF gene from the neighboring and closely positioned LT-α and LT-β genes ([@B8]). These intrachromosomal interactions involve bringing NF-AT-containing enhancer complexes into close proximity to each other and, by circularizing the TNF gene, creating a configuration favoring reinitiation of TNF transcription ([@B8], [@B9]).

Here, we report the discovery of a novel cell type-specific DNase I-hypersensitive site 7 kb upstream of the TNF gene that is evident in murine and human monocytes but is not accessible to DNase I digestion in T cells. This element, HSS−7, does not function as a classical transcriptional enhancer but contains a highly conserved AT-rich noncoding region that binds acetylated histones, topoisomerase IIα (Top2), and HMGA1a ([h]{.ul}igh [m]{.ul}obility [g]{.ul}roup protein [A1a]{.ul}) *in vitro* and *in vivo* and that acts as a substrate for Top2 cleavage *in vitro*. Consistent with these observations, HSS−7 functions as a nuclear MAR in monocytes, and activation of TNF gene expression is suppressed by etoposide, a Top2 inhibitor. Thus, a region of the TNF locus that is accessible in monocytes tethers the locus to the nuclear matrix. These data demonstrate cell type-specific chromatin reorganization of the TNF locus and are consistent with sequestration of the TNF locus in a gene expression domain in monocytic cells. Furthermore, these data suggest the hypothesis that the action of Top2 at HSS−7 may promote TNF gene transcription by relieving torsional stress induced by transcription in the vicinity of the TNF locus, which would provide an additional, novel level of TNF gene regulation.

EXPERIMENTAL PROCEDURES
=======================

### 

#### DHA, Luciferase, ChIP, and RNase Protection Assays

Previously described protocols were used to perform DHAs ([@B8], [@B10]--[@B12]), luciferase assays, and ChIP assays ([@B2], [@B5], [@B6]). The TNF-Luc-HSS−7 reporter, based on the TNF-Luc-HSS−9 and TNF-Luc-HSS+3 vectors used previously ([@B8]), was prepared by PCR amplification of a 308-bp region encompassing HSS−7 from Balb/c genomic DNA using primers 5′-GT[GTCGAC]{.ul}ATACTCCTGATGGCTGTTA-3′ and 5′-GT[GTCGAC]{.ul}TTGGGCCTGAGAACA-3′ (with SalI sites underlined), subcloning the fragment into pCR®-XL-TOPO® (Invitrogen) for sequencing, and inserting the SalI digestion product from this vector into the SalI site of the pGL3-TNF-Luc reporter ([@B8]). Antibodies to unacetylated histone H3, unacetylated histone H4, acetylated histone H3 (Lys-9/Lys-14), acetylated histone H4 (Lys-8), topoisomerase IIα, HMG-I/HMG-Y, and isotype controls (Santa Cruz Biotechnology) were used for ChIP assays. Cytokine mRNA levels were analyzed by multiprobe RPA. RNA was hybridized overnight against ^32^P-labeled antisense RNA probes for TNF, LT-α, LT-β, and L32, which had been synthesized *in vitro* from separate templates according to standard techniques ([@B2], [@B13], [@B14]). J774 cells were treated with etoposide (Sigma) at increasing concentrations of 0.1, 0.2, and 0.4 mg/ml.

#### MAR Assay

The MAR assay was adapted from Refs. [@B15] and [@B16]. Briefly, nuclear matrices were prepared by lysing J774 cells with buffer containing 0.5% Triton X-100, 10 m[m]{.smallcaps} PIPES (pH 6.8), 100 m[m]{.smallcaps} NaCl, 300 m[m]{.smallcaps} sucrose, 3 m[m]{.smallcaps} MgCl~2~, 1 m[m]{.smallcaps} EGTA, 1 m[m]{.smallcaps} PMSF, and protease inhibitor mixture. The matrices were digested overnight with EcoRI, BamHI, HindIII, PstI, and NspI. The digested preparations were spun down (to pellet the MAR-containing matrices) and digested with proteinase K. The DNA was phenol/chloroform-extracted and ethanol-precipitated prior to PCR with primers specific for HSS−7 (*underlined* in [Fig. 6](#F6){ref-type="fig"}*E*) and HSS−9 region 1 ([@B8]). PCR products were resolved on a 1% Tris acetate/EDTA-agarose gel and stained with EtBr.

#### Top2 Cleavage Assay

Top2 cleavage of HSS−7 was adapted from Refs. [@B17] and [@B18] and performed utilizing purified *Drosophila* topoisomerase II (a kind gift from Dr. Tao-Shih Hsieh, Department of Biochemistry, Duke University). Briefly, a 308-bp probe spanning the murine HSS−7 region was end-labeled with \[γ-^32^P\]ATP using T4 polynucleotide kinase. The probe was incubated at 37 °C with buffer containing 50 m[m]{.smallcaps} Tris-HCl, 150 m[m]{.smallcaps} NaCl, 10 m[m]{.smallcaps} MgCl~2~, 5 m[m]{.smallcaps} DTT, 30 μg/ml BSA, 2 m[m]{.smallcaps} ATP, and either BSA or purified topoisomerase protein. After a 10-min incubation, SDS was added to a concentration of 1%, and the samples were incubated for another 20 min. The reactions were stopped by the addition of Sarkosyl to 0.8%, bromphenol blue to 0.02%, and glycerol to 4%. The ethanol-precipitated samples were resolved on an 8% denaturing polyacrylamide gel.

#### DNase I Footprinting and EMSA

DNase I footprinting of HSS−7 was performed with recombinant human topoisomerase IIα (a kind gift from Dr. Caroline Austin, NuVenture/Institute for Cell and Molecular Biosciences, University of Newcastle). Briefly, a 308-bp fragment of the mouse HSS−7 region was labeled with \[γ-^32^P\]ATP at one end using T4 polynucleotide kinase and incubated with increasing amounts of recombinant protein at room temperature or at 37 °C as shown in [Fig. 6](#F6){ref-type="fig"}. Note that probes incubated at 37 °C were mildly denatured (70 °C for 2 min) and slowly cooled down to 37 °C before mixing them with the protein. After a 30-min incubation, the samples were digested with 0.3 units of DNase I for exactly 1 min, purified, resolved on an 8% denaturing polyacrylamide gel, and exposed overnight to film as described previously ([@B19]). EMSAs were performed as described previously ([@B19]) using \[γ-^32^P\]ATP end-labeled oligonucleotide (5′-GAAGATGATTTATTATTTATTTTTTGCTCGTTTTTTTTTTTTTTTAAGATGGAGATAGATGACA-3′), and J774 nuclear extracts were stimulated with LPS for 3 h. For EMSAs, the anti-topoisomerase IIα antibody (Abcam) was preincubated with nuclear extracts for 30 min before adding the labeled probe.

RESULTS
=======

### 

#### DNase I Cleavage Pattern at the TNF Genomic Locus in Monocytes Is Distinct from That in T Cells

To characterize the DNase I hypersensitivity profile of the TNF locus (23.5 kb) in monocytes, we first prepared DNA from the mouse monocytic cell line J774 in the presence and absence of LPS stimulation and digested the gene-dense TNF locus with BglII or XbaI. We observed all three hypersensitive sites previously identified in T cells, HSS−0.8 (corresponding to the TNF promoter), HSS−9, and HSS+3, in the monocytic cells ([Fig. 1](#F1){ref-type="fig"}, *A*, *B*, and *D*) ([@B8]). Strikingly, however, we also discovered a new DNase I-hypersensitive site in monocytes located 7 kb upstream of the TNF gene (HSS−7) that was not accessible to DNase I digestion in murine T cells ([@B8]). We confirmed that HSS−7 is present in primary murine bone marrow-derived macrophages ([Fig. 1](#F1){ref-type="fig"}*C*). Consistent with these findings in murine cells, HSS−7 was clearly evident in a human monocytic cell line (THP-1) ([Fig. 1](#F1){ref-type="fig"}, *D* and *E*) but not in a human T cell line (Jurkat) ([Fig. 1](#F1){ref-type="fig"}*F*). As expected, it also was not evident in human HeLa cells ([Fig. 1](#F1){ref-type="fig"}*H*), which do not produce TNF ([@B2]).

![**DNase I hypersensitivity profile of the TNF locus in monocytes.** Nuclei from unstimulated and LPS- or *Mycobacterium tuberculosis* (*MTb*)-stimulated cells were digested with increasing concentrations of DNase I. Purified DNAs from murine J774 cells (*A* and *B*), from mouse bone marrow-derived macrophages (*MDM*; *C*), and from THP-1 (*E* and *F*), Jurkat (*G*), and HeLa (*H*) human cell lines were digested with BglII (*A* and *C*), XbaI (*B*) or HindIII (*E--H*); resolved on a 0.9% agarose gel; and subjected to Southern blotting using a ^32^P-labeled probe (*black boxes*) spanning the first exon of TNF in murine cells (*D*) or the full TNF promoter in human cells (*I*). The TNF, LT-α, and LT-β genes (*arrows*) and exons (*gray boxes*) in the TNF locus and the projected restriction fragments from the DHAs are represented in *D* and *I. PMA/Io*, phorbol 12-myristate 13-acetate/ionomycin. *L*, 1 kb ladder, Invitrogen.](zbc0521190350001){#F1}

#### Computational Analysis of HSS−7 Reveals MAR Potential

Computational analysis of HSS−7 using PipMaker ([@B20]) showed that HSS−7 coincided with a highly conserved noncoding region ([Fig. 2](#F2){ref-type="fig"}). Notably, the previously identified HSS−9, HSS+3, and HSS−0.8 (the TNF promoter) ([@B8], [@B21], [@B22]) sites are also all located within highly conserved noncoding regions of the TNF locus ([Fig. 2](#F2){ref-type="fig"}). However, unlike any of these regions (and the TNF locus as a whole), which have a balanced AT/GC content, HSS−7 has a particularly high AT content (55 and 59% in mouse and human, respectively) (see [Fig. 6](#F6){ref-type="fig"}*E*). A total of four SNPs are present in the region corresponding to HSS−7 in the human TNF locus, only one of which, a single AT base pair deletion, occurs within an AT-rich sequence ([@B23]). Similarly, in the regions corresponding to murine HSS+3 and HSS−9, there are one and three SNPs, respectively, none of which disrupt transcription factor-binding sites ([@B23]).

![**HSS−7 sequence conservation and MAR potential.** *Upper*, diagram of the TNF, LT-α, and LT-β genes in the TNF locus relative to hypersensitive sites present in T cells (above) and monocytes (below), with genes and exons labeled as described in the legend to [Fig. 1](#F1){ref-type="fig"}. *Middle*, PipMaker ([@B20]) alignment of the murine and human TNF loci showing percent identity to the human sequence (*y axis*), exons (*red*), and strongly (*green*) and moderately (*blue*) conserved noncoding regions. *Lower*, MAR potential of the aligned 23.5-kb fragment shown in PipMaker (with nucleotide positions on the *x axis*) as analyzed by MAR-Wiz. MAR potential as a function of predicted binding to Top2 (threshold value = 0.6) is shown on the *y axis. Numbers* inside the peaks indicate the position at which the highest MAR potential in the area is located. (1 is the highest possible value for the MAR potential.) MAR-Wiz peaks located in non-conserved regions (2500 and 3100 nucleotides) or in the TNF 3′-UTR (11,000 nucleotides) or below the threshold level (300, 7200, and 16,800 nucleotides) were not considered putative MAR sites. *Topo II*, topoisomerase IIα.](zbc0521190350002){#F2}

Unlike HSS+3 and HSS−9, which bind to NF-AT and NF-κB proteins ([@B8]), HSS−7 contains no obvious consensus transcription factor-binding sites. Consistent with this observation, we found that HSS−7 did not enhance but rather repressed the levels of basal and LPS-induced transcription mediated by the TNF promoter in luciferase assays in J774 cells ([supplemental Fig. 1](http://www.jbc.org/cgi/content/full/M111.272476/DC1)). Thus, in contrast to our findings in T cells, where HSS−9 and HSS+3 are able to act as NF-AT-dependent enhancers ([@B8]), HSS−7 does not function as an enhancer in monocytes.

Notably, however, MARs are known to have high AT content ([@B24]) and to mediate the binding of DNA to the nuclear matrix, which is the protein scaffold that remains after the nuclear membrane and soluble proteins have been extracted from nuclei ([@B25]). Furthermore, MARs define gene expression domains and serve as essential locus control regions ([@B26], [@B27]). We thus next probed the TNF locus utilizing MAR-Wiz (FutureSoft) to determine whether HSS−7 has MAR potential. Strikingly, this analysis revealed peaks that coincide with HSS−7, consistent with its having high MAR potential, whereas HSS−9 and HSS+3 did not display MAR potential ([Fig. 2](#F2){ref-type="fig"}). Taken together, the presence of evolutionary sequence conservation, the prediction data generated by MAR-Wiz, and the cell type-specific accessibility to DNase cleavage suggest that HSS−7 functions as a MAR of the TNF locus in monocytic cells.

#### HSS−7 Is a MAR

We thus next prepared nuclear matrices ([@B15], [@B16]) from purified J774 nuclei and examined whether HSS−7 is enriched in the nuclear matrix fraction of monocytic cells. We digested the matrices with a combination of enzymes (EcoRI, BamHI, HindIII, PstI, and NspI) that cleave DNA at positions immediately upstream and downstream of HSS−7, isolated DNA by proteinase K treatment, and then PCR-amplified HSS−7 with specific primers. Given that HSS−9 and HSS−7 are both present in monocytic cells ([Fig. 1](#F1){ref-type="fig"}), HSS−9 was used as an experimental control. We also cleaved DNA at positions upstream and downstream of HSS−9 and used specific primers for HSS−9. As shown in [Fig. 3](#F3){ref-type="fig"}, consistent with the MAR-Wiz analysis, HSS−7 was highly enriched in the nuclear matrix fraction of J774 cells, whereas HSS−9 could not be amplified from the same matrix fraction ([Fig. 3](#F3){ref-type="fig"}).

![**HSS−7 associates with the nuclear matrix.** *A*, nuclear matrices were isolated from J774 cells and digested with EcoRI, BamHI, HindIII, PstI, and NspI. The matrix fraction was then separated from the non-matrix-associated fraction by centrifugation. Purified matrix DNA and genomic DNA were amplified by PCR utilizing primers specific for HSS−7 and HSS−9 region 1. *B*, densitometric analysis of the bands is shown.](zbc0521190350003){#F3}

#### Acetylated Histones, Topoisomerase IIα, and HMGA1a Are Recruited to HSS−7 in Vivo

Given that HSS−7 is accessible to DNase I cleavage, we speculated that it may have an impact upon chromatin organization of the TNF locus through favoring a constitutively open DNA conformation and the recruitment of acetylated histones. To test whether HSS−7 interacts with these proteins *in vivo*, we next performed a ChIP assay using formaldehyde-cross-linked chromatin from J774 monocytes with antibodies specific for unacetylated histone H3, unacetylated histone H4, acetylated histone H3, and acetylated histone H4 and found that HSS−7 was immunoprecipitated by both the anti-acetylated histone 3 and anti-acetylated histone 4 antibodies in unstimulated and stimulated J774 cells ([Fig. 4](#F4){ref-type="fig"}*A*). We note that these results should be taken as a test for the presence of acetylated histones H3 and H4 in the vicinity of HSS−7, similar to previous studies of gene regulatory regions (for example, see Refs. [@B28] and [@B29]), rather than a quantitative assessment of histone acetylation. AT-rich DNA like HSS−7 can also regulate transcription by recruiting the structural transcription factor family of HMG proteins and the DNA-unwinding protein Top2. Both of these proteins can in turn also associate with the nuclear matrix ([@B30]). As shown in [Fig. 4](#F4){ref-type="fig"}*B*, HMGA1a, also known as HMG-I/HMG-Y, and Top2 are also recruited to HSS−7 *in vivo* in J774 murine monocytic cells.

![**HSS−7 associates with acetylated histones, HMGA1a, and Top2 *in vivo*.** ChIP assays were performed using antibodies prepared against peptides comprising the N-terminal tails of histone H3 acetylated at Lys-9 and Lys-14 (anti-acetylated histone H3), histone H4 acetylated at Lys-8 (anti-acetylated H4), or histones H3 and H4 in an unmodified state (anti-unacetylated histones H3 and H4, respectively). *A*, ChIP assay with unstimulated and *Mycobacterium tuberculosis* (*MTb*)-stimulated J774 cells using the anti-acetylated histone H3 (*AcH3*) or H4 (*AcH4*) antibody. *B*, ChIP assay with unstimulated J774 cells and the anti-HMGA1a or anti-Top2 antibody. Immunoprecipitation with the anti-unacetylated histone H3 (*H3*) or H4 (*H4*) antibody (*A*) and an isotype control antibody (*A* and *B*) served as negative controls. DNA was amplified with primers flanking HSS−7 (*underlined* in [Fig. 6](#F6){ref-type="fig"}*E*).](zbc0521190350004){#F4}

#### Inhibition of Top2 Suppresses Induction of Endogenous TNF Gene Expression

To characterize further the impact of Top2 upon TNF expression *in vivo*, we performed RPAs in J774 cells and, for comparison, in the murine 68-41 T cell line ([@B8]) with a Top2 inhibitor and chemotherapy agent, etoposide. Importantly, etoposide is not a general inhibitor of inducible gene expression, as it has been shown to activate or repress transcription in different contexts ([@B31]--[@B36]). In RPAs, we observed that following LPS treatment of J774 cells and phorbol 12-myristate 13-acetate/ionomycin treatment of 68-41 cells, expression of TNF mRNA was strongly inhibited by etoposide ([Fig. 5](#F5){ref-type="fig"}). In contrast, etoposide did not affect mRNA expression of the ribosomal protein L32 housekeeping gene ([Fig. 5](#F5){ref-type="fig"}) in either cell line. These data are consistent with Top2 playing a role in TNF transcription in monocytes, with a potential functional interaction between Top2 and HSS−7. These data also indicate that, in addition to the mechanism of activation-dependent higher order chromatin interactions between the TNF promoter and distal enhancers ([@B8]), a role exists for Top2 in TNF transcription in T cells.

![**Top2 inhibitor etoposide inhibits LPS-induced TNF gene expression in monocytic cells and T cells.** *Left panel*, RPA of endogenous expression of the TNF gene and, as a control, the ribosomal protein L32 gene in unstimulated (*Un*) and LPS (1 μg/ml final concentration)-stimulated J774 cells. J774 cells were pretreated with increasing concentrations of etoposide (0.1, 0.2, and 0.4 mg/ml) as indicated. *Right panel*, RPA of endogenous TNF and L32 gene expression in unstimulated and phorbol 12-myristate 13-acetate/ionomycin (20 ng/ml and 1 μ[m]{.smallcaps} final concentrations, respectively)-stimulated 68-41 T cells pretreated with etoposide as described for the *left panel*.](zbc0521190350005){#F5}

#### Topoisomerase IIα Binds to Multiple Sites in HSS−7

To localize Top2 binding to specific regions in HSS−7, we performed a quantitative DNase I *in vitro* footprinting assay with recombinant human Top2 protein and a 308-bp probe spanning the entire sequence of HSS−7. We incubated HSS−7 with increasing amounts of recombinant Top2 at room temperature and analyzed both DNA strands to increase the resolution of the footprints. As shown in [Fig. 6](#F6){ref-type="fig"} (*A* and *B*, *lanes 1--5*), weak DNA protection from DNase I digestion by Top2 was observed at multiple places along the probes.

![**HSS−7 is a substrate for Top2 *in vitro*.** *A* and *B*, quantitative DNase I footprinting analysis of Top2 binding to HSS−7. 308-bp double-stranded DNA probes containing murine HSS−7 radiolabeled on the sense (*mHSS*−*7 (S)*; *A*) and antisense (*mHSS*−*7 (AS)*; *B*) strands were incubated with increasing concentrations of recombinant human Top2 protein (*rTop2*) at room temperature (*RT*) or at 37 °C. DNase I-digested probes were resolved by 8% denaturing PAGE and subjected to autoradiography. *Gray boxes* to the right of *A* and *B* denote Top2-binding positions. *C*, EMSA performed by incubating a 64-bp HSS−7 probe (sequence *highlighted* in *E*, with its position indicated by *vertical bars* to the left of *A* and *B*) with nuclear extracts from LPS-stimulated J774 cells. The EMSA was performed with an isotype control or anti-Top2 antibody; disrupted Top2 complexes are indicated by *arrowheads. D*, concentrated and purified recombinant *Drosophila* Top2 (*lane 3*) was utilized in an *in vitro* cleavage reaction with 308-bp radiolabeled DNA containing the murine HSS−7 region and resolved by 8% denaturing PAGE. *E*, PipMaker alignment of mouse (308 bp) and human (288 bp) HSS−7 sequences. *Dashes* represent gaps in the alignment, *vertical lines* represent aligned identical nucleotides, and *dots* indicate a purine or pyrimidine change in the sequence. The *numbers* at the top of the alignment correspond to positions of the mouse sequence in the TNF locus as in [Fig. 2](#F2){ref-type="fig"}. The sequences of primers used in MAR and ChIP assays are *underlined*.](zbc0521190350006){#F6}

Because Top2 is known to have binding preferences for conflicting DNA structures, including Holliday junctions, cruciforms, and hairpins ([@B37]), we reasoned that Top2 binding to the HSS−7 probe would be enhanced by exposing the probe to mild denaturing conditions prior to protein binding, which would transiently separate the strands and allow "breathing" of the helix. Strikingly, when the labeled probe was first denatured by heating it to 70 °C, followed by incubation with Top2 at 37 °C, the binding of Top2 to HSS−7 was significantly enhanced and was detected at seven distinct regions of HSS−7 ([Fig. 6](#F6){ref-type="fig"}, *A* and *B*, compare *lanes 6--10* with *lanes 1--5*).

Notably, when we aligned the mouse HSS−7 sequence (308 bp) with the entire human genome using nucleotide BLAST (BLASTN), we found that the central region of the sequence aligned with multiple intergenic regions ([supplemental Fig. 2](http://www.jbc.org/cgi/content/full/M111.272476/DC1)). This region of HSS−7 contains a 64-bp sequence (highlighted in [Fig. 6](#F6){ref-type="fig"}*E*) that bound to Top2 in the footprinting analysis ([Fig. 6](#F6){ref-type="fig"}, *A* and *B*). When we used a probe matching this 64-bp sequence in an EMSA with J774 nuclear extracts, we detected three distinct complexes that specifically reacted with the anti-Top2 antibody ([Fig. 6](#F6){ref-type="fig"}*C*, *lanes 1* and *2*), indicating that native Top2 binds to this region.

#### HSS−7 Is a Substrate for Cleavage by Topoisomerase IIα in Vitro

To determine whether HSS−7 is capable of being cleaved by Top2, we used a recombinant *Drosophila* Top2 enzyme previously shown to be able to cleave DNA *in vitro* ([@B38]). We incubated Top2 with a 308-bp radiolabeled probe encompassing HSS−7 in buffer containing ATP and Mg^2+^. Strikingly, Top2 cleaved HSS−7 at a location that falls within the Top2-binding region detected in the footprinting analysis ([Fig. 6](#F6){ref-type="fig"}*D*, *lane 3*). In contrast, a control reaction containing BSA instead of Top2 showed no cleavage of HSS−7 ([Fig. 6](#F6){ref-type="fig"}*D*, *lane 2*). These data thus indicate that HSS−7 is cleaved by Top2.

DISCUSSION
==========

In this study, we have identified HSS−7, a highly conserved cell type-specific DNase I-hypersensitive site in monocytes (but not in T cells) that is located 7 kb upstream of the TNF gene. HSS−7 is an AT-rich noncoding region that binds to proteins involved in altering chromatin organization and DNA architecture and topology such as acetylated histones, HMGA1a, and Top2. HSS−7 does not exhibit the properties of a transcriptional enhancer, but it functions as a MAR that can be cleaved by Top2. This interaction between Top2 and HSS−7 presents a potential molecular mechanism to facilitate TNF induction by LPS in monocytes, given that the Top2 inhibitor etoposide inhibits TNF gene expression.

Type II topoisomerases are DNA topology-modifying enzymes that are critical in gene transcription and that relieve DNA supercoiling in a two-stage process. First, they cleave both strands of the DNA double helix and pass another uncut double-stranded DNA molecule through the cleaved segment. This is followed by religation of the cleaved segment in an ATP- and Mg^2+^-dependent manner ([@B37]). Top2 recognizes DNA targets with high potential for the formation of secondary stem-loop structures, including hairpins, Holliday junctions, cruciforms, and crossovers ([@B37]). AT-rich areas that have the potential of forming secondary stem-loop structures are found across the murine and human genomes. Given the high AT-rich content of HSS−7 and its accessibility to DNase I cleavage and, in particular, our finding that preincubation heat denaturation promotes Top2 binding to an HSS−7 oligonucleotide probe, the probability that HSS−7 can adopt such a secondary structure is high. Indeed, a computational analysis using Mfold ([@B39]) predicting structures that can potentially be formed by HSS−7 revealed a variety of stem-loop geometries that Top2 would recognize ([supplemental Fig. 3](http://www.jbc.org/cgi/content/full/M111.272476/DC1)).

As transcription proceeds, the separation of strands of the DNA duplex results in the creation of a bubble that alters the local topology of DNA by creating positive supercoils ahead of the bubble and negative supercoils behind it ([@B40]). We note that the TNF gene is located ∼15 kb downstream of the *NFKBIL1* gene (which encodes a divergent member of the IκB family of proteins, whose function remains to be elucidated), which itself occupies \>12 kb of the chromosome\'s length. Activation of murine bone marrow-derived macrophages by the Toll-like receptor ligand LPS, via TLR4, leads to overexpression of the *NFKBIL1* gene ([@B41]) as well as TNF ([@B1]). It is interesting to speculate that the transcription bubble created by the polymerase II complex moving along 12 kb of the chromosomal double helix occupied by *NFKBIL1* would create a number of positive writhes, or supercoils, toward the LT-α and TNF genes in LPS-stimulated monocytes. As a substrate of Top2, HSS−7 could resolve the conflicting DNA topology generated by transcription of the upstream gene and relieve the stress of excessive positive supercoiling and thus promote TNF gene transcription in activated monocytes. This is consistent with our observation that LPS-induced TNF gene expression in monocytes is suppressed by the Top2 inhibitor etoposide. Notably, our BLAST analysis of HSS−7 indicated that many similar sequences are present in intergenic regions ([supplemental Fig. 2](http://www.jbc.org/cgi/content/full/M111.272476/DC1)), indicating that these conserved sequences may play a specific role in gene transcription and have functions in other gene loci similar to the role HSS−7 plays in the TNF locus in monocytes.

We note that although the TNF locus-flanking genes, *NFKBIL1* (upstream) and *LST1* (downstream), are ubiquitously expressed in both T lymphocytes and monocytes, the three closely positioned genes in the TNF locus, LT-α, TNF, and LT-β, have different patterns of expression depending on cell type ([Fig. 7](#F7){ref-type="fig"}*A*). In stimulated T cells, LT-α, TNF, and LT-β are all active, whereas in stimulated monocytes, only the TNF gene is expressed, and both the LT-α and LT-β genes are silent (search of microarray-based expression profiling using ArrayExpress, available on the European Informatics Institute Database). A number of differences in chromatin organization at the TNF locus are evident in monocytes and T cells, and these can elucidate the mechanisms underlying the cell type-specific expression of genes in the TNF locus. There is differential DNA accessibility at the TNF locus in T cells and monocytes; for example, in T cells, hypersensitive sites are present upstream of the LT-α gene (HSS−3.5 and HSS−4), whereas HSS−7 does not appear ([Fig. 7](#F7){ref-type="fig"}*A*). Strikingly, in T cells, the TNF promoter and the distal enhancers at HSS−9 and HSS+3, all of which activate transcription in an NF-AT-dependent fashion, undergo activation-dependent intrachromosomal interactions ([Fig. 7](#F7){ref-type="fig"}*B*). The resulting double-loop TNF locus conformation would enhance efficient and relatively independent transcription of each gene by isolating TNF and LT-α in two separate loops ([@B8]). In contrast, in monocytes, the selective DNase I sensitivity of HSS−7 exposes a MAR, suggesting that, in monocytes, the TNF transcriptional unit is defined in a cell type-specific manner by the tethering of the locus to the nuclear matrix by HSS−7, which could selectively sequester TNF in a region of active transcription ([Fig. 7](#F7){ref-type="fig"}*C*). This could be further enhanced by relief of transcription-induced topological stress via the Top2/HSS−7 interaction. Given that etoposide inhibits TNF expression in monocytes and T cells, we are characterizing additional AT-rich regions in the TNF locus that are accessible in T cells and may thus functionally interact with Top2. However, although the expression of *NFKBIL1* and *LST1* also provides a source of topological stress in T cells, the expression of LT-α and LT-β, as well as TNF, in T cells suggests that, in monocytes, the Top2/HSS−7 interaction plays a more selective role in TNF expression.

![**Model of organization of the TNF locus in activated J774 cells.** *A*, diagram of the TNF locus, with active genes in the specific cell types shown in *green. B*, predicted TNF locus structure in activated T cells based on studies from Ref. [@B8], where TNF, LT-α, and LT-β genes are all active. *C*, predicted TNF locus structure in monocytes, where LT-α and LT-β genes are silent. In monocytes, HSS−7 interacts with the nuclear matrix, associating with Top2 and HMGA1a proteins and sequestering TNF in a region where its transcription is selectively promoted by the relief of torsional stress through Top2.](zbc0521190350007){#F7}
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